Abstract Cardiovascular complications are the leading causes of morbidity and mortality in individuals with obesity, type 2 diabetes mellitus (T2DM), and insulin resistance. Complications include pathologies specific to large (atherosclerosis, cardiomyopathy) and small (retinopathy, nephropathy, neuropathy) vessels. Common among all of these pathologies is an altered endothelial cell phenotype i.e., endothelial dysfunction. A crucial aspect of endothelial dysfunction is reduced nitric oxide (NO) bioavailability. Hyperglycemia, oxidative stress, activation of the reninangiotensin system, and increased pro-inflammatory cytokines are systemic disturbances in individuals with obesity, T2DM, and insulin resistance and each of these contribute independently and synergistically to decreasing NO bioavailability. This review will examine the contribution from elevated circulating fatty acids in these subjects that lead to lipotoxicity. Particular focus will be placed on the fatty acid metabolite ceramide.
Introduction
Obesity, type 2 diabetes mellitus (T2DM), and insulin resistance are conditions associated with an altered endothelial cell phenotype i.e., endothelial dysfunction. Eighty percent of patients with these conditions will die from cardiovascular complications. The prevalence of diagnosed and undiagnosed cases of T2DM is estimated to increase to 33% by 2050 [1] . Individual and societal costs will increase should this concerning projection be realized, underscoring the need to elucidate effective therapeutic targets and strategies for intervention.
Endothelial dysfunction can be defined as attenuated arterial vasorelaxation in response to pharmacological agonists such as acetylcholine, bradykinin or ATP, or physical stimuli such as increased intraluminal flow. When impaired vasorelaxation to one of these agonists is observed and the integrity of the vascular smooth muscle is verified, a strong case can be made that the endothelium is the source of the defect. Impaired endothelium-dependent vasorelaxation is an early indicator of endothelial dysfunction [2] . A crucial aspect of endothelial dysfunction is reduced nitric oxide (NO) bioavailability. NO bioavailability depends on a delicate balance between factors responsible for the synthesis and degradation of this molecule. In addition to contributing to vasodilation, endothelial cell derived NO has anticoagulant, anti-inflammatory and anti-proliferative properties [3] [4] [5] . Loss of these protective mechanisms contribute importantly to the pathophysiology of micro and macrovascular diseases that characterizes obesity, T2DM, and insulin resistance [2, 6] . Much progress has been made in elucidating general mechanisms that precipitate a mismatch between generation and degradation of NO that leads to cardiovascular complications such as hypertension and atherosclerosis that are associated with endothelial dysfunction. Strong evidence exists that hyperglycemia, oxidative stress, activation of the renin angiotensin system, increased pro-inflammatory cytokines, and lipotoxicity contribute independently and synergistically to this process [7, 8] . Gaining additional insight into precise mechanisms linking each of these pathways to vascular dysfunction is necessary to design and implement targeted therapeutic strategies with minimal offtarget side effects. This report will focus on the contribution from lipotoxicity in general, and recent progress that has been made concerning mechanisms of action whereby the lipid metabolite ceramide might lower NO bioavailability to an extent that precipitates endothelial dysfunction.
Lipotoxicity
Impaired tissue homeostasis that is attributable to changes in lipid utilization, or lipid-induced changes in intracellular signaling, have been broadly termed lipotoxicity. Lipotoxicity has the potential to decrease endothelial NO synthase (eNOS) gene expression and eNOS catalytic activity to ultimately result in endothelial cell dysfunction via diverse mechanisms. These include insulin resistance in the vasculature, inflammation, oxidative stress, or the accumulation of lipotoxic metabolites such as ceramide.
Insulin resistance in endothelial cells
Insulin receptors exist in endothelial cells, vascular smooth muscle cells, and macrophages. In addition to skeletal muscle, adipose tissue, and liver, impaired insulin-mediated signal transduction in the vasculature may accompany obesity, T2DM, and generalized insulin resistance and might contribute to cardiovascular complications observed in these patients by reducing NO bioavailability [9] . It is generally accepted that a reciprocal relationship exists between insulin resistance in the vasculature and endothelial function [9] , and that this relationship is precipitated by a pathwayselective inhibition of insulin signaling to eNOS via PI3K/ Akt whereas MAPK signaling to ET-1 is unaltered or even increased [10] . The resulting endothelial cell dysfunction reduces agonist-induced vasodilation and renders the vascular wall more susceptible to atherosclerosis [11, 12] .
Insulin resistance is associated with increased circulating concentrations of fatty acids (FFAs). Studies in cultured cells [13] [14] [15] [16] [17] , isolated arteries [14, [17] [18] [19] , animal models [14, 17, 20] , and humans [21, 22] demonstrate that elevated FFAs lower NO bioavailability. Importantly, when FFAs are experimentally increased in control subjects to levels that circulate in subjects with the metabolic syndrome, endothelium-dependent dysfunction is observed [23] .
Palmitic, oleic, and linoleic acids are the most abundant FFAs in human serum comprising~70% of the total circulating FFAs [24] . Kim et al. showed that each of these fatty acids impair basal and insulin-stimulated NO production in bovine aortic endothelial cells (BAECs), with palmitic acid exerting the greatest effect [13] . Elevated FFAs can promote de novo synthesis of diacylglycerol which activates certain protein kinase C (PKC) isoforms [7, 16] . Tang and Li [16] reported that endothelial cells exposed to 5 or 10 days of palmitate treatment displayed impaired agonist-evoked (i.e., bradykinin, ATP) NO production that was secondary to blunted elevations of intracellular free Ca 2+ [Ca 2+ ]i. Coculture of endothelial cells with PKC inhibitors neutralized the ability of palmitate to lower NO. This finding is consistent with observations that PKC activation selectively inhibits PI3K/Akt signaling in the vasculature [10, 25] such that cGMP formation -an estimate of NO bioavailability -is impaired [26] . The PKCβ isoform appears to play an important role in this process [26] [27] [28] . To explore mechanisms whereby PKC activation might contribute to vascular insulin resistance, multiple targets in the insulin signaling pathway were evaluated in endothelial cells [12] . A most interesting finding was that general (phorbol ester) and specific (angiotensin II) PKC activation (particularly the PKCα isoform) phosphorylated a novel site on p85α i.e., Thr-86, which negatively regulates PI3K. As such, phosphorylation of Thr-86 reduced the binding of p85α to IRS1 and decreased insulin and VEGF signaling via PI3K. Mice with germline deletion of insulin receptor substrate-1 (IRS-1) are hypertensive and endothelial specific IRS-1 knockout mice display endothelial dysfunction [29] , demonstrating the importance of intact signaling via this pathway to eNOS. Thus it is reasonable to hypothesize that endothelial dysfunction observed in pathophysiological conditions associated with elevated FFAs might be secondary to PKC mediated phosphorylation of Thr-86 on p85α. Experiments investigating these targets in arteries from experimental models of obesity, T2DM, and insulin resistance are therefore warranted.
Insulin receptor substrate 2 (IRS-2) also plays an important role in transducing IR activation to eNOS [30] . Endothelial cell IRS-2 expression, Akt activation, and p-eNOS were down-regulated and capillary recruitment and insulin delivery were impaired in fat-fed vs. lean mice. These defects were neutralized when fat-fed mice were treated with a prostacyclin analog that increased eNOS expression, and all findings were recapitulated in endothelial specific IRS-2 KO mice. Taken together, these observations suggest a plausible mechanism by which elevated FFAs may impair insulin-mediated signaling to eNOS to an extent that contributes to the pathophysiology of endothelial dysfunction.
Other murine models have been used to demonstrate important functional consequences of disrupted IRmediated signaling to eNOS. Mice with germ line haploinsufficiency of the IR (i.e., IR+/− mice) display hypertension, mild insulin resistance, reduced basal and insulin-stimulated eNOS phosphorylation in the vasculature, and an agedependent decrease in arterial vasorelaxation that is associated with an increase in endothelial cell derived NADPH-oxidase-mediated O 2
•-production [31, 32] . Endothelial regeneration in response to wire-induced denudation of the femoral artery was delayed in IR+/− mice, and was rescued by transfusion of angiogenic progenitor cells obtained from insulin-sensitive but not from insulin-resistant animals [33] . In mice with combined apolipoprotein (apo) E and IR deletion in endothelial cells, atherosclerotic lesion size, endothelium-dependent dysfunction, and VCAM-1 expression were more severe than results obtained from apoE deficient mice with intact insulin receptor signaling [11] . Thus defective IR signaling in the vascular endothelium accelerates the progression of atherosclerotic disease in genetically susceptible animal models. Not all genetic models of IR disruption support the hypothesis that vascular insulin resistance is sufficient to induce arterial dysfunction. For example, we studied IR null mice with transgenic reexpression of the IR in brain, liver, and pancreatic β-cells that was sufficient to preserve glucose homeostasis despite hyperinsulinemia (TTr-IR −/− mice) [34] . No differences in blood pressure, ET-1 mRNA, eNOS mRNA, expression, or phosphorylation were observed between groups. Furthermore, endothelium-dependent vasorelaxation and indices of oxidant stress were similar in vessels from TTr-IR −/− vs. WT mice [14] . Therefore, complex interactions exist between IR haploinsufficiency, loss of IR or IRS isoforms, and the presence or absence of hyperinsulinemia, in the vascular adaptation to genetic disruption of insulin signaling.
Cross-talk between IRs and insulin-like growth factor 1 receptors (IGF-1Rs)
IGF-1Rs exist in the vasculature and heterodimerize with IRs to form hybrid receptors in insulin resistant conditions associated with obesity and T2DM. Because hybrid receptors bind IGF-1 but not insulin with high affinity, this scenario might contribute to attenuating/preventing insulin-mediated NO production by the endothelium. Arteries from mice with germ line haploinsufficiency of the IGF-1R (IGF-1R+/− mice), or endothelium-specific homozygous or heterozygous deletion of the IGF-1R, display attenuated phenylephrine-induced vasocontraction, increased basal NO production, and greater insulin-mediated NO production [35] . All improvements were neutralized in mice that were heterozygous deficient for the IR and IGF-1R respectively (IR+/− and IGF-1R+/−) [35] . These data provide strong rationale for considering the IGF-1R as a potential therapeutic target for treating vascular diseases associated with insulin-resistance.
Insulin resistance in intact arteries
Pathway-specific resistance to insulin-mediated signal transduction is known to exist in skeletal muscle, adipose tissue, and the liver. Jiang et al. were the first to report selective resistance via the IR-PI3K-Akt pathway in vessels from obese vs. lean rats [10] . This issue has been examined more recently in aortae from lean and fat-fed mice [19, [36] [37] [38] . Insulin-stimulated Akt phosphorylation was detected in both groups, but was modestly blunted in arteries from obese mice. In contrast, eNOS phosphorylation was completely prevented in vessels from fat-fed animals. Functional repercussions attributable to decreased vascular eNOS phosphorylation and the resulting reduction in NO bioavailability in obese mice included arterial inflammation [19, 36, 38] and impaired arterial vasorelaxation [37] . We also observed that systemic hypertension, arterial dysfunction, and decreased basal and stimulated eNOS phosphorylation in obese mice occurred in the absence of evidence of deficient signaling via Akt to eNOS in the vasculature. Similar findings were obtained in Akt1 knockout mice. Collectively, these findings indicate that a dissociation exists between insulin mediated signal transduction in the vasculature, and impaired eNOS enzyme function [14, 19, [36] [37] [38] . The apparent dissociation between vascular insulin signaling and impaired eNOS enzyme function in the context of obesity prompted us to explore whether a component of the metabolic environment or altered signaling via another kinase to eNOS might play a role. Because fasting hyperglycemia was mild in fat-fed vs. lean mice, and O 2
•-, NADPHoxidase activity, AMPK, and PKA were similar in vessels from both groups, we hypothesized that the 3-fold elevation in FFAs in obese mice might be responsible [14] . We observed that FFAs increased from~400 uM to~1200 uM when C57Bl6 mice consumed standard vs. high-fat chow for~12 weeks [14] . Because palmitic, oleic, and linoleic acids comprise~70% of the total circulating FFAs [24] , it is reasonable to extrapolate that palmitate concentrations could range from 93 uM -280 uM after 12 weeks of highfat feeding. Thus we treated endothelial cells with 500 uM palmitate. Although this level could be deemed elevated, 500 uM lies within the physiological/pathophysiological range [39] and did not lead to cell death or apoptosis in bovine aortic cells treated for 3 h. Compared to vehicle-treated cells, palmitate impaired basal and insulin-stimulated p-eNOS S1177 whereas ERK and Akt phosphorylation was intact. The palmitate-induced reduction of eNOS phosphorylation was sufficient to impair insulin-mediated NO production by BAECs, and endothelium-dependent vasorelaxation but not vascular smooth muscle function of isolated arteries. These in vitro results recapitulated our earlier observations in arteries from obese mice [14] .
3 Palmitate decreases eNOS function in a ceramidedependent manner in endothelial cells and isolated arteries
When tissues not suited for lipid storage (e.g., skeletal muscle, liver) are exposed to increased circulating levels of FFAs, toxic bioactive lipid metabolites can accumulate that might be associated with impaired metabolic homeostasis and increased cardiovascular risk. One such metabolite is the sphingolipid ceramide [40, 41] . Obesity and lipid exposure promote sphingolipid accumulation in peripheral tissues of rodents and humans, and recently ceramide was reported to accumulate in arteries from a rat model of uncontrolled type 2 diabetes [42] . Based on our earlier findings in BAECs and isolated arteries that palmitate decreases p-eNOS, NO production, and endothelial but not vascular smooth muscle function [14] , we sought to determine whether ceramide might play a role. A strong rationale exists to hypothesize that ceramide contributes importantly to arterial dysfunction that is secondary to impaired eNOS activity. In several cell types such as adipocytes and C2C12 myotubes, ceramide disrupts signaling kinases that phosphorylate eNOS at positive regulatory sites [43] and potentiates signaling kinases that phosphorylate eNOS at negative regulatory sites [40, 44, 45] . Short-term incubation with synthetic ceramide impairs endothelium-dependent vasorelaxation [46] and exaggerates vasocontraction of isolated arteries [47] and reduces the bioavailability of NO in human endothelial cells [48] . Based on these data and our own findings in fat-fed mice and endothelial cells treated with palmitate, we tested whether endogenous ceramide accumulation was capable of reducing NO bioavailability in BAECs. Palmitate increased de novo ceramide synthesis, which reduced agonist (e.g., insulin and vascular endothelial cell growth factor)-stimulated eNOS phosphorylation at S1177 and S617, eNOS dimer to monomer formation, eNOS enzyme activity, and NO production [17] . In contrast to findings from other cell types, the changes we observed were not due to impaired upstream signaling to eNOS from Akt, AMPK, or ERK 1/2, or to O 2 •--mediated peroxynitrite formation. Importantly, when endogenous ceramide biosynthesis in response to palmitate incubation was inhibited in isolated arteries using pharmacological and genetic approaches, the ability of this FFA to decrease p-eNOS and endothelium-dependent vasorelaxation was prevented [17] . Therefore, ceramide may contribute importantly to palmitate-induced reductions in eNOS enzyme function. We also determined whether the deleterious responses to ceramide observed in endothelial cells and isolated arteries after relatively short term (i.e., 3 h) exposure to palmitate were also present in a clinically relevant rodent model of obesity, T2DM, and insulin resistance [17] . These results are discussed in section 4.
Ceramide-induced vascular dysfunction in obese mice is tissue autonomous
In rodent models of lipid oversupply (e.g., fat-feeding, lipid infusion) targeted inhibition of ceramide biosynthesis via pharmacological or genetic approaches attenuates metabolic disturbances [42, [49] [50] [51] [52] [53] and atherosclerotic lesion formation [54] . Administration of myriocin, an inhibitor of serine palmitoyl transferase, the rate-limiting enzyme responsible for de novo ceramide biosynthesis, to fat-fed streptozotocin-treated rats reduced arterial ceramide content and partially reversed endothelial dysfunction in parallel with amelioration of the metabolic milieu [42] . It is not possible to discern from that study whether improved arterial function resulted from lower vascular ceramide accrual or from less disruption of the metabolic milieu. We used pharmacological and genetic approaches to limit ceramide biosynthesis in fat-fed mice to determine whether our earlier findings from isolated arteries could be recapitulated in vivo. Inhibition of ceramide synthesis with myriocin, or by heterozygous deletion of dihydroceramide desaturase (des1), which catalyzes de novo ceramide synthesis, prevented endothelial dysfunction and systemic hypertension, and preserved eNOS phosphorylation in arteries from fat-fed mice [17] . These studies support the hypothesis that arterial ceramide accumulation precipitates cellular dysfunction in part by impairing NO bioavailability. We will now review molecular mechanisms linking ceramide biosynthesis with endothelial and vascular dysfunction.
Evidence linking toll-like receptor 4 (TLR4) signaling and palmitate-mediated endothelial dysfunction
Kim et al. showed in BAECs that palmitate signals via TLR4, a pattern recognition receptor that is essential for initiating inflammatory responses associated with innate immunity [55, 56] . When palmitate signals via TLR4, inhibitor of κB-kinase (IKK) is activated, which phosphorylates and degrades IκBα enabling nuclear translocation and expression of NF-κβ, a "master regulator" of inflammation [55] . This increases inflammatory mediators such as IL-6 and ICAM which are associated with decreased endothelial NO production [13, 19] . Similar changes in p-IκBα, IL-6, and ICAM were recapitulated in lysates of aorta from fat-fed vs. lean WT but not TLR4−/− mice [19, 36] bine with NO to form peroxynitrite leading to disruption of the eNOS dimer, leading to impaired eNOS activity and arterial vasorelaxation [37, 59, 60] .. Holland et al. provided further insight when they demonstrated that lard oil infusion increased skeletal muscle and liver ceramide synthesis in WT but not TLR4−/− mice, and that palmitate incubation increased ceramide synthesis and transcript levels of enzymes involved in ceramide biosynthesis (sptlc1, sptlc2, des1) in IKK-WT but not IKK-kinase dead cells [61] . To test whether these findings could be translated to the intact animal, mice consumed standard or high-fat chow for 17 weeks. A subgroup of fat-fed mice was then switched to a high-fat diet supplemented with the IKKβ inhibitor sodium salicylate (NS). While body weight was similar between groups, insulin and glucose tolerance were improved, and increases in skeletal muscle and liver ceramide accumulation were prevented by NS treatment. Thus, palmitate signaling via TLR4 has the potential to evoke vascular dysfunction by increasing inflammation via IKK/p-IκBα/NF-κβ signaling, NADPH-oxidase-mediated O 2
•-production which disrupts the balance in the cellular oxidant/antioxidant environment, and ceramide biosynthesis [which might disrupt eNOS enzyme function (see below)]. Although each of these mechanisms can independently impair vascular function, it is highly likely that these pathways synergistically interact. There is some disagreement whether toll like receptors directly bind saturated fatty acids [62] , and other studies have suggested that saturated fatty acids might not induce inflammation via TLR mediated signaling at all [63] . FFAs have been shown to amplify the inflammatory responses of monocytes/macrophages to bacterial lipopolysaccharide via a TLR4 -independent mechanism that is dependent upon ceramide generation, which in turn activates PKC and MAPK [56] . In balance, the preponderance of evidence indicates that FFAs (e.g., palmitate) impair endothelial function and increase cardiovascular complications via multiple mechanisms that increase inflammation, oxidant stress, and/or ceramide generation.
6 Ceramide promotes PP2A association with eNOS
After observing that palmitate and fat-feeding increase endogenous ceramide biosynthesis in endothelial cells and arteries, we used BAECs to elucidate the molecular mechanisms that might be responsible for ceramide-mediated impairment of eNOS phosphorylation, NO production, and arterial vasorelaxation. Palmitate-induced ceramide accumulation induced co-localization of the protein phosphatase 2A (PP2A) with eNOS, prevented eNOS from associating with Akt and Hsp90, decreased the phosphorylation of the pool of Akt that associates directly with eNOS, and impaired full eNOS phosphorylation (Fig. 1) . Congruent with these findings in endothelial cells, the association between PP2A and eNOS was increased in arteries from fat-fed mice in a ceramidedependent manner. Ceramide might initiate PP2A association with eNOS by disrupting the interaction between inhibitor 2 of PP2A (I2PP2A) and PP2A. Rationale for this was provided by results from Mukhopadhyay et al [64] . These authors observed that I2PP2A (but not I1PP2A) is a major ceramidebinding protein in A549 human lung cancer cells. When ceramide binds to I2PP2A, the inhibition of I2PP2A on PP2A is relieved. In BAECs we observed that palmitateinduced ceramide accumulation decreases the association between I2PP2A and PP2A, and translocates PP2A from the cytosol to the membrane where it associates with eNOS. The presence of PP2A in the Akt/Hsp90/eNOS complex impairs Akt phosphorylation (likely by direct dephosphorylation) and decreases eNOS phosphorylation by a similar mechanism, or indirectly as a consequence of reduced Akt activation [17] . While these findings provide initial support for this potential mechanism of action in the context of our experimental conditions, results from ongoing studies using different approaches are required. Collectively, these results contribute to accumulating evidence that ceramide plays a significant role in the pathogenesis of vascular dysfunction, and extend important observations by Wu et al [43] . regarding how ceramide might modulate endothelial cell function.
Cross-talk between adiponectin and ceramide
In addition to its insulin-sensitizing, antiapoptotic, and antiinflammatory functions, recent findings from Holland et al. describe a novel mechanism whereby adiponectin regulates sphingolipid metabolism. This adiponectin/sphingolipid link has significant potential to influence arterial function (Fig. 1) . Once formed, ceramide can be hydrolyzed by ceramidases to produce sphingosine. Sphingosine kinase can then phosphorylate sphingosine to sphingosine-1-phosphate (SIP). In various cell systems ceramide and sphingosine are described as pro-apoptotic whereas SIP is generally regarded as pro-survival. This led to the hypothesis that the ceramide to SIP ratio might be an important determinant of cell survival [65] . Holland et al. showed that lard-oil infusion and/or fat feeding increases hepatic ceramide content in mice and this response can be: (i) normalized by administering recombinant adiponectin; (ii) prevented in mice that transgenically overexpress adiponectin; and (iii) exaggerated in adiponectin null mice [66] . Adiponectin exerts its effects by binding to two receptors, AdipoR1 and AdipoR2, which belong to the progesterone and adiponectin Q receptor (PAQR) family [67] . Because some PAQR receptors enhance ceramidase activity, Holland et al. tested whether AdipoR1 and AdipoR2 might mediate the ability of adiponectin to lower ceramide. Adiponectin increased ceramidase activity in mouse embryonic fibroblasts (MEFs) with intact adiponectin receptors but failed to do so in MEFs in which both isoforms were deleted. Consistent with lower ceramidase activity in AdipoR1 and AdipoR2 deficient MEFs, there was Fig. 1 Saturated free fatty acids (FFAs) such as palmitate not only represent the substrate for de novo ceramide biosynthesis, but also signal via the toll-like receptor 4 (TLR4) to activate inhibitor of kBkinase (IKKβ) which increases transcript levels of enzymes involved in ceramide biosynthesis e.g., serine palmitoyl transferase long chain base 1 (Sptlc1) and 2 (Sptlc2) and dihydroceramide desaturase (des1). The dashed line indicates that ceramide disrupts the association between inhibitor 2 of protein phosphatase 2A (I2PP2A) and protein phosphatase 2A (PP2A) by binding to I2PP2A. PP2A translocates to the cell membrane and associates with endothelial nitric oxide synthase (eNOS). PP2A association with eNOS decreases the association between eNOS and protein kinase B (Akt) and between eNOS and heat shock protein 90 (Hsp90). PP2A promotes the dephosphorylation of Akt that colocalizes with eNOS and/or decreases eNOS phosphorylation at serine (S) 1177 and S617 directly. This impairs NO bioavailability and leads to vascular dysfunction. Adiponectin might modify the effects of ceramide accumulation by binding to adiponectin (Adipo) R1 and Adipo R2 receptors and increasing ceramidase activity. Ceramidases hydrolyze ceramide to form sphingosine leading to an increased sphingosine-1-phosphate (SIP) to ceramide ratio. Evidence exists that signaling via this pathway increases NO production. Neither this pathway, nor the potential metabolism of ceramide via adiponectin, have been evaluated in vivo in the context of obesity and endothelial dysfunction. P; phosphorylation; T; threonine diminished accumulation of SIP such that the ceramide to SIP ratio was 5-fold greater relative to wild type cells. Disruption of the ceramide to SIP balance in knockout MEFs increased their susceptibility to palmitate-induced cell death, and the deleterious effects of palmitate could be reversed when AdipoR1/2 deficient MEFs were treated with SIP. The ratio of S1P to ceramide might also be relevant to endothelial cells. For example, it has been shown in endothelial cells that SIP signals via the endothelial differentiation gene-1 receptor to the heterotrimeric G protein Gi, leading to activation of Akt and eNOS, which increases NO production [68] . Thus it is possible that the balance of SIP and ceramide may influence endothelial function. While adiponectin delivery to mice with T2DM can improve arterial vasorelaxation by increasing NO bioavailability [69] , it remains to be determined whether the mechanism is dependent upon generation of SIP from ceramide in the vasculature. Studies investigating this pathway in physiologically relevant scenarios wherein adiponectin is increased (exercise training) or decreased (T2DM) would also be of great interest.
Mitochondria
Mitochondria regulate cell survival and ion homeostasis. Endothelial mitochondria are responsible for generating reactive oxygen species and maintaining the cytosolic Ca 2+ concentration. Evidence is accumulating that mitochondrial morphological and functional changes may correlate with vascular endothelial cell dysfunction in the context of diabetes [70, 71] . Enhanced mitochondrial fission and/or attenuated fusion leads to mitochondrial fragmentation that may precipitate endothelial dysfunction. Putative mechanisms include increased production of reactive oxygen species and Ca 2+ overload, which may impair endothelial function via multiple mechanisms as reviewed above or by reducing endothelial cell survival. The mechanisms that impair mitochondrial dynamics in the context of diabetes are incompletely understood but could be a consequence of lipotoxicity. For example, exposure to palmitate, but not hyperglycemia or hyperinsulinemia, induced mitochondrial fragmentation in differentiated C2C12 muscle cells that was associated with increased reactive oxygen species production [72] . Similar changes were observed in skeletal muscle of obese mice. In vitro studies have demonstrated loss of mitochondrial networks when endothelial cells are cultured under hyperglycemic conditions [71] . Increased mitochondrial fragmentation and expression of fission-1 protein were also observed in endothelial cells isolated from patients with T2DM. Additionally, mitochondrial reactive oxygen species generation was greater, and agonist-stimulated NO production was suppressed in these endothelial cells. These changes were correlated with reduced capacity for flowmediated dilation in the diabetic group. Although these observations in humans together with in vitro results in glucose-exposed endothelial cells, suggest a role for hyperglycemia in mediating endothelial cell mitochondrial fission, a direct contribution of lipid-mediated mechanisms cannot be ruled out.
Summary
Endothelial dysfunction is a well-established characteristic of insulin resistance and obesity. Multiple synergistic mechanisms impair vascular function in this prevalent condition. Recent findings provide strong evidence that increased circulating lipids may impair vascular function in vivo by disrupting insulin signaling, increasing inflammation, and promoting ceramide accumulation. It is likely that these pathophysiological mechanisms rather than acting independently interact to promote vascular dysfunction. Several emerging mechanisms warrant further study. These include the relative balance between vasculotoxic mechanisms involving ceramide and vasculoprotective mechanisms involving adiponectin in regulating endothelial function; direct examination of the ability of lipids to increase mitochondrial fission or decrease mitochondrial fusion in endothelial cells; and the mechanisms by which loss of mitochondrial networks in the context of lipotoxicity may lead to endothelium-dependent dysfunction.
